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Rare Λb → nl+l− decays in the relativistic quark-diquark picture
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Vavilov Street 40, 119333 Moscow, Russia
The form factors of the rare Λb → nl+l− decays are calculated in the framework
of the relativistic quark-diquark picture of baryons with the consistent account of
the relativistic effects. Their momentum transfer squared dependence is determined
explicitly in the whole accessible kinematical range. The decay branching fractions,
forward-backward asymmetries and the fractions of longitudinally polarized dilep-
tons are determined. The branching fraction of the rare Λb → nµ+µ− decay are
found to be Br(Λb → nµ+µ−) = (3.75± 0.38)× 10−8 and thus could be measured at
the LHC. Prediction for the branching fraction of the rare radiative Λb → nγ decay
is also given.
Recently significant experimental progress has been achieved in studying the rare decays
of the Λb baryon. In 2011 the CDF Collaboration [1] reported the first observation of the rare
Λb → Λµ+µ− decay. Then the LHCb Collaboration performed detailed angular analysis [2]
of this decay which allowed to extract not only the total branching fraction but also different
decay distributions and asymmetries in several momentum transfer squared bins. This year
the LHCb Collaboration observed for the first time the suppressed decay Λ0b → ppi−µ+µ−,
where the muons do not originate from charmonium resonances [3]. In addition contributions
from the Λb → Λ(→ ppi−)µ+µ− decays were removed by requiring mppi− > 1.12 GeV. Such
decays are mediated by the b→ d transition and thus are highly suppressed in the standard
model. The measured branching fraction of this decay is of order of 10−8. This observation
indicates that other similar rare decays, such as Λb → nµ+µ−, can be observed in the near
future.
In the recent paper [4] we considered the rare Λb → Λl+l− decays in the relativistic
quark-diquark picture of baryons [5, 6]. The analytic expressions for the decay form factors
as the overlap integrals of the initial and final baryon wave functions were obtained. All
relativistic effects including transformations of the baryon wave functions from rest to the
moving reference frame and contributions of intermediate negative energy states were taken
into account. This allowed us to explicitly determine the momentum transfer squared q2
dependence of the decay form factors in the whole kinematical range without additional
assumptions and extrapolations, thus increasing reliability of the obtained predictions. On
this basis various Λb → Λl+l− decay observables were calculated and were found to be
consistent with detailed measurements of the LHCb Collaboration [2]. In this paper we
extend this analysis to the consideration of the suppressed rare Λb → nl+l− and Λb → nγ
decays.
The matrix elements of the flavour changing neutral current governing the b → d tran-
sition between baryon states is usually parametrized by the following set of the invariant
form factors [7]
〈n(p′, s′)|d¯γµb|Λb(p, s)〉 = u¯n(p′, s′)
[
fV1 (q
2)γµ − fV2 (q2)iσµν
qν
MΛb
+ fV3 (q
2)
qµ
MΛb
]
uΛb(p, s),
2TABLE I: Form factors of the rare Λb → n transition.
fV1 (q
2) fV2 (q
2) fV3 (q
2) fA1 (q
2) fA2 (q
2) fA3 (q
2) fTV1 (q
2) fTV2 (q
2) fTA1 (q
2) fTA2 (q
2)
f(0) 0.157 0.037 0.007 0.106 −0.0005 −0.063 −0.025 −0.133 0.019 −0.133
f(q2max) 0.916 0.707 0.257 0.261 −0.503 −1.29 −0.773 −0.539 0.435 −0.537
a0 0.208 0.160 0.086 0.086 −0.166 −0.277 −0.175 −0.122 0.144 −0.178
a1 0.237 −0.298 −0.257 −0.124 0.812 0.448 0.161 0.449 −0.450 0.147
a2 −1.176 −0.224 0.044 0.550 −0.939 0.595 0.883 −1.45 0.218 0.030
〈n(p′, s′)|d¯γµγ5b|Λb(p, s)〉 = u¯n(p′, s′)[fA1 (q2)γµ − fA2 (q2)iσµν
qν
MΛb
+ fA3 (q
2)
qµ
MΛb
]
γ5uΛb(p, s),
〈n(p′, s′)|d¯iσµνqνb|Λb(p, s)〉 = u¯n(p′, s′)
[
fTV1 (q
2)
MΛb
(
γµq2 − qµ/q
)
− fTV2 (q2)iσµνqν
]
uΛb(p, s),
〈n(p′, s′)|d¯iσµνqνγ5b|Λb(p, s)〉 = u¯n(p′, s′)
[
fTA1 (q
2)
MΛb
(
γµq2 − qµ/q
)
− fTA2 (q2)iσµνqν
]
γ5uΛb(p, s), (1)
where uΛb(p, s) and un(p
′, s′) are the Dirac spinors of the initial Λb and final n baryon.
Using the relativistic quark-diquark picture of baryons with the QCD-motivated in-
terquark potential we obtained expressions for these form factors as the overlap integrals
of the baryon wave functions. They are given in the Appendix of Ref. [4]. Substituting in
these expressions the wave functions obtained while considering the baryon spectroscopy [5]
we calculate the form factors in the whole accessible kinematical range.
We found that the numerically calculated form factors can be approximated with high
accuracy by the following analytic expression
F (q2) =
1
1− q2/M2pole
{
a0 + a1z(q
2) + a2[z(q
2)]2
}
, (2)
where the variable
z(q2) =
√
t+ − q2 −√t+ − t0√
t+ − q2 +√t+ − t0
, (3)
t+ = (MB + Mpi)
2 and t0 = q
2
max = (MΛb − Mn)2. The pole masses have the values:
Mpole ≡ MB∗ = 5.325 GeV for fV1,2, fTV1,2 ; Mpole ≡ MB1 = 5.723 GeV for fA1,2, fTA1,2 ; Mpole ≡
MB0 = 5.749 GeV for f
V
3 ; Mpole ≡ MB = 5.280 GeV for fA3 . The fitted values of the
parameters a0, a1, a2 as well as the values of form factors at maximum q
2 = 0 and zero
recoil q2 = q2max are given in Table I. The difference of the fitted form factors from the
calculated ones does not exceed 0.5%. Our model form factors are plotted in Fig. 1.
Now we can use the obtained form factors for the calculation of the rare Λb → nl+l−
decay observables.
The effective Hamiltonian for the b→ dl+l− transitions, taking into account the unitarity
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix takes [8] the following form
Heff = −4GF√
2
[
V ∗tdVtb
10∑
i=1
ciOi + V ∗udVub
2∑
i=1
ci
(
Oi −O(u)i
)]
, (4)
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FIG. 1: Form factors of the rare Λb → n transition.
where GF is the Fermi constant, Vtj and Vuj are the CKM matrix elements, ci are the Wilson
coefficients and Oi(O(u)i ) represent the four-quark operator basis. Then the resulting matrix
element of the transition amplitude between baryon states can be written as [9]
M = GFα√
2pi
|V ∗tdVtb|
{
〈n|
[
ceff9 γµ(1− γ5)−
2mb
q2
ceff7 iσµνq
ν(1 + γ5)
]
|Λb〉(l¯γµl)
+c10〈n|γµ(1− γ5)|Λb〉(l¯γµγ5l)
}
, (5)
where the values of the Wilson coefficients ci and of the effective Wilson coefficient c
eff
7 are
taken from Ref. [10]. The effective Wilson coefficient ceff9 contains additional perturbative
and long-distance contributions coming from hadron resonances
ceff9 = c9 + h
eff
(
mc
mb
,
q2
m2b
)
c0 + λu
[
heff
(
mc
mb
,
q2
m2b
)
− heff
(
mu
mb
,
q2
m2b
)]
(3c1 + c2)
−1
2
h
(
1,
q2
m2b
)
(4c3 + 4c4 + 3c5 + c6)− 1
2
h
(
0,
q2
m2b
)
(c3 + 3c4)
+
2
9
(3c3 + c4 + 3c5 + c6). (6)
4Here λu =
V ∗
ud
Vub
V ∗
td
Vtb
, the coefficient c0 = 3c1 + c2 + 3c3 + c4 + 3c5 + c6 and
h
(
mc
mb
,
q2
mb
)
= −8
9
ln
mc
mb
+
8
27
+
4
9
x− 2
9
(2 + x)|1− x|1/2


ln
∣∣∣√1−x+1√
1−x−1
∣∣∣− ipi, x ≡ 4m2c
q2
< 1,
2 arctan 1√
x−1 , x ≡ 4m
2
c
q2
> 1,
h
(
0,
q2
mb
)
=
8
27
− 4
9
ln
q2
mb
+
4
9
ipi.
The function
heff
(
mc
mb
,
q2
m2b
)
= h
(
mc
mb
,
q2
m2b
)
+
3pi
α2c0
∑
Vi=J/ψ,ψ(2S)...
Γ(Vi → l+l−)MVi
M2Vi − q2 − iMViΓVi
(7)
contains additional long-distance contributions originating from the cc¯ resonances
[J/ψ, ψ(2S) . . .]. In our study we include contributions of the vector Vi(1
−−) charmonium
states: J/ψ, ψ(2S), ψ(3770), ψ(4040), ψ(4160) and ψ(4415), with their masses (MVi), lep-
tonic [Γ(Vi → l+l−)] and total (ΓVi) decay widths taken from PDG [11]. Similar expression
holds for the function heff
(
mu
mb
, q
2
m2
b
)
, where the long-distance contributions now come from
ρ and ω states.
The differential decay distribution is given by
d2Γ(Λb → nl+l−)
dq2d cos θ
=
dΓ(Λb → nl+l−)
dq2
{
3
8
(1 + cos2 θ)[1− FL(q2)] + AFB(q2) cos θ + 3
4
FL(q
2) sin2 θ
}
,
(8)
where θ is the angle between the Λb baryon and the positively charged lepton in the dilepton
rest frame,
AFB(q
2) =
∫ 1
0
d2Γ
dq2d cos θ
d cos θ − ∫ 0−1 d2Γdq2d cos θd cos θ
dΓ/dq2
,
is the forward-backward asymmetry and FL(q
2) is the fraction of longitudinally polarized
dileptons. The explicit expressions for the differential branching fractions and asymmetries
in terms of the form factors are given in Ref. [4]. Note that the rare decays Λb → nl+l− are
additionally suppressed by the ratio of the CKM matrix elements (|Vtd|/|Vts|)2 with respect
to the Λb → Λl+l− decays. Substituting in these expressions the calculated form factors we
get predictions for the differential decay branching fractions, forward-backward asymmetries
AFB(q
2) and the fractions of longitudinally polarized dileptons FL(q
2). They are plotted
in Figs. 2–4 for the Λb → nµ+µ− and Λb → nτ+τ− rare decays. By solid and dashed
lines we plot theoretical results obtained without and with inclusion of the long-distance
contributions to the Wilson coefficient ceff9 . The values of the total branching fractions and
averaged forward-backward asymmetries 〈AFB(q2)〉 and fractions of longitudinally polarized
dileptons 〈FL(q2)〉 are given in Table II. The branching fractions were calculated without
inclusion of the hadron resonance contributions, while 〈AFB(q2)〉 and 〈FL(q2)〉 are presented
both without (nonres.) and with (res.) their inclusion. We estimate the theoretical errors
of our predictions, which emerge from the uncertainties in the calculation of the decay form
factors, to be about 10%.
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FIG. 2: The differential branching fractions for the Λb → nµ+µ− (left) and Λb → nτ+τ− (right)
rare decays.
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FIG. 3: The forward-backward asymmetries AFB(q
2) in the Λb → nµ+µ− (left) and Λb → nτ+τ−
(right) rare decays.
Using calculated values of the rare decay form factors we can also predict the exclusive
rare radiative Λb → nγ decay rate. It is expressed in terms of the decay form factors by
Γ(Λb → nγ) = α
64pi4
G2Fm
2
bM
3
Λb
|VtbVtd|2|ceff7 (mb)|2(|fTV2 (0)|2 + |fTA2 (0)|2)
(
1− M
2
n
M2Λb
)3
. (9)
Substituting their calculated values we get the prediction for the branching fraction
Br(Λb → nγ) = 3.7× 10−7. (10)
TABLE II: Predictions for the branching fractions, averaged rare decay forward-backward asym-
metries and polarization fractions.
Decay Br 〈AFB〉 〈FL〉
(×10−8) nonres. res. nonres. res.
Λb → ne+e− 3.81 −0.294 −0.301 0.499 0.543
Λb → nµ+µ− 3.75 −0.298 −0.299 0.504 0.555
Λb → nτ+τ− 1.21 −0.173 −0.148 0.344 0.339
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FIG. 4: The fraction of longitudinally polarized dileptons FL(q
2) in the Λb → nµ+µ− (left) and
Λb → nτ+τ− (right) rare decays.
In this paper we calculated the form factors of the rare b→ d transitions between baryon
states in the relativistic quark-diquark picture of baryons. These form factors were explicitly
determined in the whole accessible kinimatical range without extrapolations with the account
of the relativistic effects including wave function transformations from rest to the moving
reference frame and intermediate contributions of the negative energy states. On this basis
predictions for the branching fractions of the rare semileptonic Λb → nl+l− and rare radiative
Λb → nγ decays were obtained. The rare semileptonic branching fractions were found to
be of order of 10−8, while the rare radiative decay is predicted to have branching fraction
of order of 10−7. Thus the CKM suppressed rare baryon decays governed by the b → d
transition could be accessible for observation at LHC by the LHCb Collaboration. The
predictions for the averaged values of the forward-backward asymmetry 〈AFB(q2)〉 and the
fractions of longitudinally polarized dileptons 〈FL(q2)〉 are also given.
[1] T. Aaltonen et al. [CDF Collaboration], “Observation of the Baryonic Flavor-Changing Neu-
tral Current Decay Λb → Λµ+µ−,” Phys. Rev. Lett. 107, 201802 (2011).
[2] R. Aaij et al. [LHCb Collaboration], “Measurement of the differential branching fraction of the
decay Λ0b → Λµ+µ−,” Phys. Lett. B 725, 25 (2013); “Angular analysis of the B0 → K∗0µ+µ−
decay using 3 fb−1 of integrated luminosity,” JHEP 1602, 104 (2016).
[3] R. Aaij et al. [LHCb Collaboration], “Observation of the suppressed decay Λ0b → ppi−µ+µ−,”
JHEP 1704, 029 (2017).
[4] R. N. Faustov and V. O. Galkin, “Rare Λb → Λl+l− and Λb → Λγ decays in the relativistic
quark model,” arXiv:1705.07741 [hep-ph].
[5] D. Ebert, R. N. Faustov and V. O. Galkin, “Spectroscopy and Regge trajectories of heavy
baryons in the relativistic quark-diquark picture,” Phys. Rev. D 84, 014025 (2011); R. N. Faus-
tov and V. O. Galkin, “Strange baryon spectroscopy in the relativistic quark model,” Phys.
Rev. D 92, no. 5, 054005 (2015).
[6] R. N. Faustov and V. O. Galkin, “Semileptonic decays of Λb baryons in the relativistic quark
model,” Phys. Rev. D 94, no. 7, 073008 (2016); “Semileptonic decays of Λc baryons in the
relativistic quark model,” Eur. Phys. J. C 76, no. 11, 628 (2016).
[7] T. Gutsche, M. A. Ivanov, J. G. Korner, V. E. Lyubovitskij and P. Santorelli, “Rare baryon
7decays Λb → Λl+l−(l = e, µ, τ) and Λb → Λγ : differential and total rates, lepton- and
hadron-side forward-backward asymmetries,” Phys. Rev. D 87, 074031 (2013).
[8] G. Buchalla, A. J. Buras and M. E. Lautenbacher, “Weak decays beyond leading logarithms,”
Rev. Mod. Phys. 68, 1125 (1996).
[9] R. N. Faustov and V. O. Galkin, “Rare B → pill¯ and B → ρll¯ decays in the relativistic quark
model,” Eur. Phys. J. C 74, no. 6, 2911 (2014).
[10] W. Altmannshofer, P. Ball, A. Bharucha, A. J. Buras, D. M. Straub and M. Wick, “Symme-
tries and Asymmetries of B → K∗µ+µ− Decays in the Standard Model and Beyond,” JHEP
0901, 019 (2009).
[11] C. Patrignani et al. (Particle Data Group), “Review of particle physics,” Chin. Phys. C, 40,
100001 (2016).
